ABSTRACT The minimum temperature at which stored-product insects can move inside stored grain bulks with different grain moisture contents is not known. The movement of adults of four storedproduct insects, Cryptolestes ferrugineus (Stephens), Tribolium castaneum (Herbst), Sitophilus oryzae (L.), and Sitophilus zeamais (Motschulsky), at low temperatures inside jars or bulks of wheat with 11.1 or 16.0% moisture content was measured. Spontaneous walking stops (SM h ), CCT (no movement after shaken), and minimum movement (TM min , caught in probe pitfall traps) temperatures were determined at stepped-decrease of temperature. The ranges of SM h , CCT, and TM min temperatures of the four stored-products beetles were 4.0 to 9.0 C, 2.0 to 8.0 C, and 6.0 to 11.5 C, respectively. The TM min was $3 C higher than the SM h for all the tested beetles. C. ferrugineus had the lowest SM h , CCT, and TM min temperatures, whereas S. zeamais had the highest values of these determined temperatures. C. ferrugineus under a faster stepped-decrease of temperature had higher SM h , CCT, and TM min temperatures than that under a slower stepped-decrease of temperature, while adults of T. castaneum were not influenced by the temperature decrease rate. The two species of Sitophilus did not survive to the end of the experiment at the faster stepped-decrease of temperature. Two grain moisture contents did not affect these determined temperatures for all tested species.
common parameters used to evaluate cold tolerance and species distribution (Kimura 2004) .
Thermal limits to activity of stored-products beetles inside stored grain bulks have not been well explored. For example, to the best of our knowledge, the following phenomenon is not reported in literature. Under low temperatures and quiescent condition (such as inside stored grain bulks in bins), stored grain beetles stopped walking or moving (lack of spontaneous movement under a nondisturbing condition). This temperature was defined as SM h (the highest temperature at which insects stopped spontaneous movement) in this study. These insects are not in chill-coma because these insects can resume moving when they are disturbed during grain loading and unloading. When temperature is further dropped, beetles cannot move even when the beetles are shaken by force or disturbed by moving grain. This temperature was defined as CCT (the highest temperature at which insects lack antennas and/or legs movement under disturbed conditions) in this study. The published T cc and CT min did not distinguish these temperatures from SM h . The SM h is important for the grain industry because insects might be able to move to other locations and storage facilities during transportation if the grain and/or ambient temperatures are higher than T cc , CT min , or CCT.
Many stored-grain insects burrow into grain bulks. There are several traps, such as pit fall traps, that improve the detection of stored-products insects inside grain bulks Loschiavo 1986, Hagstrum 2000) . However, the efficacy of traps in grain bulks is reduced with cooler temperatures (Fargo et al. 1989, Wakefield and Cogan 1999) due to slower rate of movement. At chill-coma temperatures, these traps stop working. There have been several studies investigating chill-coma temperature in stored-products insects (Barlow and Kerr 1969; Ernst and Mutchmor 1969; Smith 1970; Evans 1977 Evans , 1981 Evans , 1983 Nakakita and Ikenaga 1997; Renault et al. 1999 ). All these studies were conducted under laboratory conditions looking at insect movement inside containers without grain bulks. These determined temperatures may not be a good predictor of the situation in a commercial grain bulk, where insects move in three dimensions in large grain bulks. We also do not know whether insects move differently inside grain bulks at the temperature that is close to SM h and CCT. This temperature is important for the prediction of insect capturing frequency by trapping at low temperature and, hence, it can be further used to predict insect density inside a grain bulk with different moisture contents.
The objectives of this study were twofold: to determine SM h , and CCT of stored-products beetles occurring inside grain bulks on farms in Canada and to determine the minimum temperatures at which pit fall traps were effective in bulk grain at different moisture contents.
Materials and Methods
Insects. Four species of stored-products beetles were used in this study: Cryptolestes ferrugineus (Stephens), Tribolium castaneum (Herbst), Sitophilus oryzae (L.), and Sitophilus zeamais (Motschulsky). These species are common stored-product insects around the world (Pedersen 1992) . C. ferrugineus and T. castaneum were originally collected from farms located in Manitoba, Canada, in 2013 and reared inside a laboratory at 306 1 C and 70 6 5% RH. S. zeamais was originally collected from a rice mill in Thailand in 2009, and reared at 30 6 1 C and 70 6 5% RH. S. oryzae had been in culture in the laboratory since 1981. T. castaneum were reared on wheat flour with 5% brewer's yeast. Sitophilus spp. and C. ferrugineus were reared in whole wheat (the wheat used to make the wheat flour). The insects were occasionally exposed to light when they were transferred to new food ($4 h every 2 wk) and when the insect cultures were inspected ($0.5 h per day). For each replicate, 25 adults of the same species and in the same culture (<2 mo old) were selected using an aspirator and placed into a jar (6 cm in diameter and 10.5 cm in height). The jars had screen lids and the openings in the screen were $0.8 mm in diameter. Approximately 15 kernels of wheat (the same wheat used in the entire experiment) were placed into each jar before insects were introduced. The jars with insects were kept at 22 6 1 C and 70 6 5% RH for 24 h before the test. There were three replicates and three controls at each treatment condition for each species, and the controls were kept at 22 6 1 C and 70 6 5% RH during the entire treatment period.
Wheat. Hard red spring wheat (Triticum aestivum L., certified seed, cultivar: Carberry) with 11.1 and 16.0% moisture content was used in this study. The wheat was purchased from a seed company located in Manitoba, Canada. The moisture content (MC) of the purchased wheat was 11.1 6 0.1% (wet basis, ASABE 2009). To obtain 16.0% MC wheat, the wheat was tempered inside a rotating container by mixing the 11.1% MC wheat with a desired amount of distilled water for$15 min. For example, to temper 40 kg of 11.1% wheat to 16.0% MC of wheat, 2,333 ml of distilled water was mixed. After mixing, the wheat was stored in plastic bags at 5 6 1 C for $7 d, then mixed again and loaded into plywood boxes with 1.25-cm wall thickness (Fig. 1 ). The box with grain at different moisture contents would provide an environment for the insects' movement inside grain bulks with different moisture contents. The inner dimensions of the wooden boxes were 30 by 30 by 60 cm. The depth of the wheat inside the wooden box was 60 cm. During loading of the wheat into the box, four electronic probe pit fall traps (Insector, OPISystems, Calgary, AB, Canada) were inserted at the four corners of the box, with the bottom collecting cap in place (to prevent insect escape) and one HOBO data logger (Onset Computer Corporation, Bourne, MA) was placed at the center of the box ($30 cm below the surface of the wheat bulk). The small size of the wooden boxes (compared with grain bins) would limit the insects' movement and, hence, increase the probability of capture. Therefore, the pit fall traps could be used to determine the lowest temperature at which insects could move and be captured inside grain bulks with different moisture contents. The Insector system was connected to a computer, which collected temperatures and number of insects caught in the pit fall traps at 5-min intervals (Figs. 1 and 2). The HOBO system logged temperatures every 30 min (Fig. 2) .
Control of Temperature and Relative Humidity. Observations were conducted inside an environmental chamber (Conviron CMP3244, Controlled Environments Ltd., Winnipeg, MB, Canada). Relative humidity of the environmental chamber was set at 70%. Temperature of the environment chamber was initially set at 22 C and the temperatures were reduced using one of the following three steppeddecreases: 1 C in 1 d, 2 C in 2 d, and 2 C in 1 d. These stepped-decreases of temperature were chosen to be comparable with temperature declines at some commercial grain facilities with or without aeration in Canada. Only one species was tested at a time. For the stepped-decrease of 1 C in 1 d (referred to as 1C/1d) or 2 C in 1 d (referred to as 2C/1d), the environmental chamber temperature was scheduled to decrease 1 C or 2 C in 1 h and keep this reduced temperature for 23 h (Fig. 2) . The total time for each step of temperature was 1 d. For the stepped-decrease of 2 C in 2 d (referred to as 2C/2d), the environmental chamber temperature was scheduled to decrease 2 C in 2 h and this reduced temperature was held for 46 h. The total time for each step of temperature was 2 d. Dry and wet bulb temperatures inside the environmental chamber were measured using glass thermometers and wicks saturated with distilled water. The thermometers were placed at the location of the insect jars and the air velocity inside the environmental chamber was from 1.1 to 1.7 m/s (Turbo Meter, Davis Instruments, Hayward, CA). Relative humidity was calculated from the measured wet and dry bulb temperatures by using the following equations (Huang et al. 2013) :
(1) 
Where;
Measurement Procedure of SM h , CCT, and TM min Temperatures. The tested adults experienced the entire measurement procedure of SM h , CCT, and TM min . The jars with wheat and the same species of adults were transferred into the environmental chamber after the temperature of the environmental chamber was 22 6 0.3 C (Fig. 2 ). Temperature and relative humidity of the environmental chamber was programed according to the desired stepped-decreases of temperatures (see "Control of Temperature and Relative Humidity"). Observations were conducted for 15 min at the end of 1 d (for the treatments of 1C/1d and 2C/1d) or 2 d (for the treatment of 2C/2d). If there were adults with spontaneous moving and walking Adults were introduced at the top of grain inside the box Jars with adults and the boxes were moved into the environmental chamber Fig. 2 . Measured temperatures inside the environment chamber (Chamber), at the center of the plywood box (Center), and at the Insector trap (Trap) locations. During this test, the environmental chamber temperature was decreased 1 C in 1 h and this reduced temperature was kept for 23 h. This procedure (1C/1d) was repeated until CCT for the T. castaneum was obtained (6 C). After 2 d at the CCT, the environmental chamber temperature was increased 2 C in 2 h and this increased temperature was kept for 46 h. This procedure was repeated until one of the introduced adults in each treatment was captured inside the traps.
under nondisturbed conditions, the temperature of the environmental chamber was further decreased according to the desired step-decrease of temperature. This procedure was repeated until there were no adults with spontaneous movement during 15-min observation at the end of 1 d (for the treatments of 1C/1d and 2C/1d) or 2 d (for the treatment of 2C/2d) after the temperature was stepped down. During the observation period, the adults were kept inside the jars. This temperature (at which none of the insects moved inside jars under nondisturbed conditions) was the reported SM h .
After the SM h temperature was reached and the insects were held at the SM h temperature for 1 d (for the treatments of 1C/1d and 2C/1d) or 2 d (for the treatment of 2C/2d), the jar was gently turned upside down and then up five times and adults observed for movement of legs and antennae for 15 min. If there was movement, the temperature of the environmental chamber was further decreased (according to the desired step-decrease of temperature). This procedure was repeated until there were no adults with moving legs, antennae, or both after gently turning during the 15-min observation at the end of 1 d (for the treatments of 1C/1d and 2C/1d) or 2 d (for the treatment of 2C/ 2d) after the temperature was stepped down. During the observation period, the adults were kept inside the jars. This temperature was the CCT reported in this study. To determine if this turning procedure affected mortality, the controls (at room temperature) were also turned upside down and then up for the same number of times as that conducted in the treatment.
After all of the adults inside a jar were at CCT for 2 d (this would prevent insect movement), the insects were moved out of the jars and placed on a filter paper (11 cm in diameter) in a 5-cm-deep depression on the grain surface (Fig. 1) , and the temperature of the environmental chamber was increased 2 C in 2 h and this increased temperature was held for 46 h (referred to as I2C/2d; Fig. 2 ). This stepped-increase of temperature was repeated until one of the adults in each treatment was captured inside the probe pitfall traps. The total time for each step increase of temperature was 2 d (¼ 2 h warmup þ 46 h constant temperature). The treatment was terminated and the TM min (temperature movement minimum) was the temperature at which at least one adult was captured by one of the traps in 2 d. The TM min reported in this study was the mean of the temperatures at the center of the box and the trap at the time when the first adult was captured in each replicate. The time of the first capture of adults in a probe pitfall trap at TM min temperature (the start time was the start time of the TM min temperature inside the environmental chamber) was defined as T first . After 2 d at the TM min temperature, the filter paper with wheat and adults was moved to room temperature (22 6 2 C and 70 6 5% RH) and their mortality was determined after 24 h. We assumed there was no mortality after adults moved into the wheat bulk.
Data Analysis. During the entire testing period, the relative humidity inside the environmental chambers was 70 6 2% and the SE of the dry bulb temperature was <0.5
C. Therefore, dry bulb temperature was used to describe SM h , CCT, and TM min temperatures in this study. All data were not assessed for normality of distributions because it was not known whether this measured SM h , CCT, and TM min temperatures were affected by factors such as gender, feeding status, and age of the tested adults. Paired t-test was conducted to find whether grain moisture content affected TM min temperature of each insect species. The adults of a species inside different jars and under the same treatment condition had the same value of SM h and CCT temperatures. Data from the two moisture contents were pooled for subsequent analysis. Adults were cooled at different stepped-decreases of temperature to their SM h (no spontaneous movement), then to CCT (unable to move if shaken), placed on top of bulk grain, rewarmed until insects moved at TM min and were captured in probe pit fall traps. Owing to the experimental design, adults (the same adults experienced the entire measurement procedure of SM h , CCT, and TM min ) were held under tested temperatures as long as 28 d or as little as 11 d (Table 1 ). The duration of the tested adults under tested temperatures in different treatments was different because different species under different stepped-decreases of temperature might have different CCT. For example, adults of C. ferrugineus were kept at 10 C for 20 d when the stepped-decrease was 1C/1d or 2C/2d, while kept for 11 d when the decrease was 2C/1d (Table 1) . The lowest temperatures adults exposed to was dependant on the CCT, so were different for species or treatments (Table 1) . For example, C. ferrugineus were exposed to the lowest temperatures (2 C) at the temperature decrease of 2C/2d, and to 8 C at the temperature decrease of 2C/1d. T. castaneum and S. oryzae were exposed to 6 C at 1C/1d. Therefore, adult mortalities under different treatments and among species were based on the adults' CCT (at any treatment condition, all adults were kept at their CCT for 2 d).
To determine whether the different insects had different minimum movement temperatures inside grain bulks, the following parameters were tested by using ANOVA and Tukey test (Systat Software Inc. 2009, San Jose, CA): CCT, TM min , T first , mortality, and capture percentage of adults. The comparison was done for each parameter associated with each insect species under 1C/1d. To find whether each insect species had different SM h and TM min inside grain bulks under different stepped-decreases of temperature, ANOVA and Tukey test were conducted (Systat Software Inc. 2009) and the comparison was for the SM h or TM min under different stepped-decreases of temperature.
Results
The number of adults, which were moving before and after shaking, gradually decreased with the decrease in temperatures (Fig. 3) . Adults of the four species of the stored-products beetles at SM h resumed moving after gentle shaking. Moisture content had no effect on TM min with any species (Table 2) .
Adults of T. castaneum, S. oryzae and S. zeamais stopped moving (SM h ) between 8 and 9 C. C.
ferrugineus continued to move at temperatures as low as 4.0 C ( Fig. 3 ; Table 1 ). Rapid temperature decrease did not affect SM h for T. castaneum (Table 3) . However, for C. ferrugineus, the fastest temperature decline, 2C/1d, had the warmest SM h (Tables 1 and 3) and CCT (Table 1) . The CCT was usually 1 to 2 C cooler than the SM h ( Table 1) . As with SM h , T. castaneum, S. oryzae, and S. zeamais had similar results (8 to 9 C), and C. ferrugineus had the lowest SM h (4 C) and CCT (2 C) temperatures (ANOVA, F ¼ 43.333; df ¼ 1; P ¼ 0.002; Table 1 ).
After reaching the CCT, insects were placed on top of the grain bulk and the temperature was warmed until they were detected in traps. More than 55% of introduced adults migrated into the wheat bulk. Insect migration rate depended on their mortality and >98% of surviving adults moved into the wheat bulk. The TM min showed similar trends as the SM h data ( Table 1) . Adults of T. castaneum, S. oryzae and S. zeamais were caught in traps between 9.3 and 10.9 C (TM min ; Table 1 ), whereas C. ferrugineus were caught at lower TM min , ranging between 6.3 and 8.9
C. Again, 8.0 6 0.0 8.0 6 0.0 8.9 6 0.4 5.0 6 1.1 11.7 6 3.0 12.5 6 1.5 11 T. castaneum 1C/1d 8.5 6 0.5 6.0 6 0.0B 10.2 6 0.4B 23.8 6 3.2B 4.5 6 3.6B 7.3 6 1.8B 23 2C/2d 8.0 6 0.0 6.0 6 0.0 9.3 6 0.4 27.3 6 2.3 7.6 6 1.2 5.8 6 1.3 20 2C/1d 8.0 6 0.0 6.0 6 0.0 9.8 6 0.4 23.8 6 3.7 8.7 6 1.4 6.0 6 0.9 14 S. oryzae h 1C/1d 9.0 6 0.0 6.5 6 0.5B 9.5 6 0.3B 24.5 6 3.1B 4.0 6 0.1B 3.5 6 0.6B 23 S. zeamais h 1C/1d 9.0 6 0.0 8.0 6 0.0B 10.9 6 0.3B 28.3 6 2.2B 45.0 6 16.4A 5.3 6 1.8B 20 a Insects were cooled at different stepped-decreases of temperature to their SM h temperature (no spontaneous movement), then to CCT (unable to move if shaken), placed on top of bulk grain, rewarmed until they moved and were captured in probe pit fall traps at TM min (minimum movement) temperature. Mortality was assessed at the end of experiments, data from two moisture contents, 11 and 16 %, were combined, 25 adults/replicate, and n ¼ 3.
b The highest temperature at which insects lack antennae and/or legs movement under disturbed conditions. the different letters after the SE in the same column indicated significantly different means using Tukey test at a ¼ 0.05 level and df ¼ 1 for the CCT.
c The different letters after the SE in the same column indicated significantly different means using Tukey test at a ¼ 0.05 level and df ¼ 1 for the CCT, and 5 for the TM min temperature.
d Time of first capture in probe pitfall trap at TM min. The different letters after the SE in the same column indicated significantly different means using Tukey test at a ¼ 0.05 level and df ¼ 1 for the CCT, and 5 for the T first .
e Mortality of all controls was 5.0%. The different letters after the SE in the same column indicated significantly different means using Tukey test at a ¼ 0.05 level and df ¼ 1 for the CCT, and 5 for mortality.
f Insects captured in traps as % of live insects. The different letters after the SE in the same column indicated significantly different means using Tukey test at a ¼ 0.05 level and df ¼ 1 for the CCT, and 5 for percentage of the insects captured in traps.
g Total duration of each test (day).
h At 2C/2d and 2C/1d, all adults were dead before SM h temperature was reached. Before at 11.1% MC Before at 16.0% MC After at 11.1% MC After at 16.0% MC Fig. 3 . Percentage of moving adults of C. ferrugineus at 1C/1d stepped-decrease of temperature (refer to Fig. 2 ). In the graph, "Before" and "After" means the number of moving adults before and after gentle shaking, respectively. Total of 25 adults were introduced into each jar, and n ¼ 3. rapid temperature decreases did not affect T. castaneum, but did affect C. ferrugineus, with the fastest temperature decline (2C/1d) causing higher TM min (8.9 C), compared with the slower temperature decline (6.3 to 6.9 C; Tables 1 and 3) . Adults of T. castaneum, S. oryzae, and S. zeamais took $24 h to first be caught in traps (T first , Table 1) after reaching TM min , whereas C. ferrugineus were caught significantly sooner, after only 4 h at the 1C/1d temperature decrease (ANOVA, df ¼ 5; F ¼ 25.922; P < 0.001; Table 1 ). For each insect species, rapid temperature decrease had no effect on T first (ANOVA, df ¼ 4; F ¼ 0.457; P ¼ 0.642). More C. ferrugineus (12.5 to 15.8%) were caught in traps than the other species (Table 1) .
Not all insects survived to the end of the experiments. No adults of S. oryzae or S. zeamais survived the 2C/2d or 2C/1d temperature decrease. S. zeamais had the greatest mortality of the all insects at the 1C/ 1d (Table 1 ). C. ferrugineus had intermediate mortality at 11.7 to 34.0%, and T. castaneum and S. oryzae had the lowest mortality at 4.0 to 8.7%.
Discussion
Species of insects have substantial inter-and intrapopulation variation on their low temperature limits. The body size of C. ferrugineus is smaller than the other insects tested in our study and C. ferrugineus had the lowest SM h , CCT, and TM min temperatures. This result was inconsistent with the results reported by Scharf et al. (2014) . They measured the chill-coma recovery time of five species of flour beetles and found recovery times were negatively correlated with the inter-species average body size but not within each species. Because of a small body size and ectothermic nature, adaptation to low temperature is a critical component for insects' survival. While insects undergo many gradual biochemical and physiological changes in winter, they might increase their cold tolerance. Furthermore, during recovery from a cold challenge, insects might repair cellular damage, for example, by re-establishing ion homeostasis during chill-coma recovery (MacMillan et al. 2012) . Therefore, insects with an origin from a cold climate would have a high cold tolerance (Scharf et al. 2014) . For example, flies originating from cooler regions resist low temperatures better than those from warmer regions , Hallas et al. 2002 , Kimura 2004 ). Fields and White (1997) found C. ferrugineus was the most cold-hardy species among the beetles of Cryptolestes pusillus (Schonherr), T. castaneum, and Rhyzopertha dominica (F.). The adults of C. ferrugineus used in our study were collected from a cool region (Canada).
The TM min associated with all tested species was not affected by grain moisture contents. Evans (1983) also found humidity did not influence chill-coma temperature of stored-products beetles. Other behaviors are affected by grain moisture content. For example, insects will move toward moist grain at warmer temperatures (Parde et al. 2004 , Jian et al. 2005 , and low moisture content can reduce survival at cold temperatures (Fields, 1992) .
Acclimation to low temperatures induces lower SM h (Evans 1981, MacMillan and Sinclair 2011) . When grain was gradually warmed up to higher than CCT, the adults, which were under chill-coma conditions at lower than the TM min temperature, started to move. The TM min was significant higher than SM h (Tables 1  and 4 ). Temperatures in grain bulks inside commercial facilities change over time. Global warming might also induce extreme cold or warm temperatures inside grain bulks in different years (Moses et al. 2015) . Insects also move within grain bulks or facilities, avoiding temperatures that are too cold (Jian et al. 2002, Flinn and Hagstrum 1997) . Our results showed insect behaviour at low temperature was affected by temperature decrease rates, adults might be able to acclimate to fluctuating temperatures, and insects with different origins might have different chill-coma temperature. This acclimation effect should be taken into consideration when estimating movement at low temperatures. When grain inside bins is cooled rapidly, movement of adults inside grain bulks could be stopped at a higher temperature than that when grain is slowly cooled. Their movement could resume when they are disturbed or warmed up because a short exposure to the chill-coma temperature might not influence their postmovement. This temperature fluctuation might also give insects a chance to acclimate to cold temperature, thus increasing distribution and abundance.
In conclusion, this study found minimum movement temperature inside a grain bulk differed among species and at different temperature decrease rates. Adults of C. ferrugineus had the lowest SM h , CCT and TM min temperatures, while adults of S. zeamais had the highest TM min . At SM h , adults could walk when they were disturbed, and they could resume their movement when they were warmed up $3 C. This movement was not influenced by grain moisture content or short exposure to CCT. Therefore, detection of insects by using traps at 2 to 12 C might not be reliable if insect species and the grain temperature history were not known. 
